In this Letter, we present a three-dimensional (3D) imaging system with axially distributed sensing (ADS) using an electronically controlled liquid crystal (LC) lens. The proposed system performed an optical image acquisition by varying the focal lengths of the LC lens without mechanical movements of an image sensor. Multiple images with slightly different perspectives were experimentally recorded, and the 3D images were reconstructed according to the ray backprojection algorithm. To the best of our knowledge, this is the first report on 3D ADS using a LC lens. The proposed system is attractive for compact 3D sensing camera systems.
Three-dimensional (3D) integral imaging has been used for 3D sensing and visualization. In an integral imaging system, a lens or camera array (laterally distributed) is used to capture 3D information from the scene, which is constructed by multiple two-dimensional (2D) images with different perspectives. 3D images can be reconstructed numerically or optically [1] [2] [3] [4] [5] [6] . Axially distributed sensing (ADS) [7] [8] has been proposed to record 3D data from the scene by moving a single image sensor along its optical axis. However, the mechanical movement of the image sensor in ADS may be impractical for a compact 3D image sensing system. Consequently, a system with nonmechanical movement is required. We propose to use the tunable liquid crystal (LC) lens [9] [10] [11] [12] [13] whose focal length can be electronically controlled. Varying the focal length electronically, multiple 2D images with slightly different perspectives can be obtained. In this Letter, we propose a 3D image sensing system that combines the ADS technique with the LC lens. Therefore, the axially distributed images can be obtained without mechanical movement of a sensor. Finally, experimental results of computational 3D reconstruction show that our proposed method is suitable to be implemented for a compact 3D image sensing system. ADS is used to capture multiple 2D images with slightly different magnifications and perspectives of a 3D scene. The object is located at a certain distance away from the closest camera position. In conventional ADS, the camera moves along its optical axis and takes a number of 2D images. The object in the multiple 2D images will have different magnifications because each image is captured at a different distance from the object. Finally, 3D images can be reconstructed by the ray back propagation method [7, 8] .
For the LC lens, its refractive index distribution can be changed when applying a voltage onto the LC cell. Thus, the incident polarized light is supposed to be focused when the refractive index profile is a parabolic curve as follows [11] :
where f is the focal length, d is the cell thickness, and ρ is the radial distance from optical axis. The n max and nρ represent the refractive index on the optical axis, and the refractive index which drops off radially from n max on the optical axis, respectively. The index nρ can be calculated by integrating every arbitrarily position, ρ x 2 y 2 1∕2 , along the z direction in the LC lens, as Eq. (2). Therefore, in this Letter, an exciting device, a high-resistance liquid crystal (HR-LC) lens [14] [15] [16] , is utilized to obtain a parabolic profile LC lens. A high-resistance material (we use IGZO semiconductor material) is coated on the controlled electrodes layer, as shown in Fig. 1 . Using the high-resistance layer, the gradient changed potential distribution can be easily produced when applying the different voltages between the center electrode, planar electrode, and edge electrode (see Fig. 1 ) Thus, the LC molecules will reorient according to the electric field. Finally, the parabolic curve of nρ can be approached. In this Letter, we used an HR-LC lens whose diameter and LC cell gap are designed as 2 mm and 60 μm, respectively. The LC material is E7 (Merck) and it is aligned with the x direction. The polarized light is also aligned with the x direction. Finally, the focal length can be varied between 4 cm to ∞ when switching driving voltages from 5 V rms to 0 V rms (1 KHz frequency, square waveform). To verify the functionality of the HR-LC lens, a light source and a CCD located at the focal plane are used to measure the intensity distribution, as shown in Fig. 2 . The measured results show that the tunable HR-LC lens with variable focal lengths under different driving voltages is really established, yet the focusing ability for each focal length still has variation. Through further analyzing, it is caused by the highresistance layer, which is not perfectly optimized for every focal length. Thus, optimization of the HR-LC lens can be the next step. Fortunately, this issue does not affect our result, though some blurred images appear.
The proposed ADS system with HR-LC lens is shown in Fig. 3 . The object is located in front of the LC lens and away from the optical axis. A CCD sensor is fixed and placed a distance (d) away from the LC lens. Changing the focal lengths, multiple 2D images with different magnifications (perspectives) can be captured (Fig. 3) . For instance, the magnification factor M j between the first image (the image taken by shortest focal length) and jth image (Fig. 3) can be described by Eq. (3):
Following, the 3D images can be reconstructed by using these multiple 2D images and the ray backprojection algorithm. According to the ray backprojection algorithm, all 2D images are projected with different magnification factors on the reconstruction plane at z r . Then the reconstructed 3D image Ix; y; z r can be obtained by superimposing all the projected images with different magnification factors as the following:
Ix; y; z r 1 K
where M j is the corresponding magnification factor between the selected jth elemental image and the first elemental image as described in Eq. (3), E j is the magnified jth elemental image, and K is the total numbers of recorded 2D images. The preliminary functionality of the proposed 3D axially distributed image sensing system is demonstrated by optical experiments. The experimental setup is illustrated in Fig. 4 . A slogan (words) and a totem are located at approximately 18 and 13 mm in front of the LC lens, respectively. A cell phone camera with 5 megapixels is used and fixed behind the LC lens to capture all in-focus 2D images. For the capturing process, the driving voltage of the LC lens is swept from 5 to 0 V rms (∼0.3 V∕step) so that the focal length changed from 4 cm to ∞. Hence, the total K 14 2D images can be recorded sequentially. Figure 5 shows examples of the captured 1st and 12th 2D elemental images. We can distinguish the slight difference (magnification of the object) between the two images. Using computational reconstruction and all 2D recorded images, a 3D image can be reconstructed. Figure 6 shows the reconstruction results at z 9 mm, z 13 mm, and z 18 mm away from the LC lens. The magnified areas are also chosen to illustrate more detail. In addition, in order to directly distinguish the differences between the results, the Sobel edge enhanced method [17] is also used. Therefore, the focused objects will produce the clear edge contour, as shown in Fig. 6 . For the reconstructed image at z 9 mm, both the slogan and totem are blurred. Especially, the slogan is blurrier than the totem because the slogan is farther away from the reconstruction plane [see Fig. 6(a) ]. The totem can be observed clearly in the reconstructed image at z 13 mm, yet the slogan is still blurred [see Fig. 6(b) ]. On the other hand, the slogan is clear in the reconstructed image at z 18 mm, nevertheless, the totem comes out blurred [see Fig. 6(c) ]. Though we had demonstrated the functionality of the proposed method, the working range for this system is still limited by the NA of the HR-LC lens now. Therefore, developing the HR-LC lens with high-quality and larger NA, and using the computational distortion calibration method [18] to extend the working range for the proposed system could be the next step.
In conclusion, we have presented a novel 3D imaging system without mechanical movement by combining the ADS with an electronically controlled LC lens. Different focal lengths of the proposed HR-LC lens are also demonstrated. Finally, the reconstructed 3D images can be successfully generated from the recorded 2D images. The proposed system is attractive for compact 3D sensing camera applications.
